ABSTRACT. Serum immunoreactive cationic trypsinogen levels were determined in 99 control subjects and 381 cystic fibrosis (CF) patients. To evaluate the status of the exocrine pancreas all C F patients had previously undergone fecal fat balance studies and/or pancreatic stimulation tests. Three hundred fourteen C F patients had fat malabsorption and/or had inadequate pancreatic enzyme secretion (pancreatic insufficiency) requiring oral pancreatic enzyme supplements with meals. Sixty-seven C F patients did not have fat malabsorption and/or had adequate enzyme secretion (pancreatic sufficiency) and were not receiving pancreatic enzyme supplements with meals. Mean serum trypsinogen in 99 control subjects was 31.4 + 14.8 pg/liter ( 2 2 SD) and levels did not vary with age or sex. In C F infants (< 2 yr) with pancreatic insufficiency, mean serum trypsinogen was significantly above the non-CF values (p < 0.001). Ninety-one percent of the C F infants had elevated levels. Serum trypsinogen values in the pancreatic insufficient group declined steeply up to 5 years, reaching subnormal values by age 6. An equation was developed which described these age-related changes very accurately. Only six C F patients with pancreatic insufficiency had serum trypsinogen levels above the 95% confidence limits of this equation. In contrast, there was no age related decline in serum trypsinogen among the C F group with pancreatic sufficiency. Under 7 yr, serum trypsinogen failed to distinguish the two groups. In those over 7 yr of age, however, serum trypsinogen was significantly higher than the C F group with pancreatic insufficiency ( p < 0.001), and 93% had values within or above the control range. In conclusion, serum trypsinogen appears to be a useful screening test for C F in infancy. Between 2 and 7 yr of age this test is of little diagnostic value. After 7 yr of age, serum trypsinogen can reliably distinguish between C F patients with and without pancreatic insufficiency. (Pediatr Res 20: 209-213,1986) Abbreviation CF, cystic fibrosis
ABSTRACT. Serum immunoreactive cationic trypsinogen levels were determined in 99 control subjects and 381 cystic fibrosis (CF) patients. To evaluate the status of the exocrine pancreas all C F patients had previously undergone fecal fat balance studies and/or pancreatic stimulation tests. Three hundred fourteen C F patients had fat malabsorption and/or had inadequate pancreatic enzyme secretion (pancreatic insufficiency) requiring oral pancreatic enzyme supplements with meals. Sixty-seven C F patients did not have fat malabsorption and/or had adequate enzyme secretion (pancreatic sufficiency) and were not receiving pancreatic enzyme supplements with meals. Mean serum trypsinogen in 99 control subjects was 31.4 + 14.8 pg/liter ( 2 2 SD) and levels did not vary with age or sex. In C F infants (< 2 yr) with pancreatic insufficiency, mean serum trypsinogen was significantly above the non-CF values (p < 0.001). Ninety-one percent of the C F infants had elevated levels. Serum trypsinogen values in the pancreatic insufficient group declined steeply up to 5 years, reaching subnormal values by age 6. An equation was developed which described these age-related changes very accurately. Only six C F patients with pancreatic insufficiency had serum trypsinogen levels above the 95% confidence limits of this equation. In contrast, there was no age related decline in serum trypsinogen among the C F group with pancreatic sufficiency. Under 7 yr, serum trypsinogen failed to distinguish the two groups. In those over 7 yr of age, however, serum trypsinogen was significantly higher than the C F group with pancreatic insufficiency ( p < 0.001), and 93% had values within or above the control range. In conclusion, serum trypsinogen appears to be a useful screening test for C F in infancy. Between 2 and 7 yr of age this test is of little diagnostic value. After (1) first noted elevated immunoreactive pancreatic cationic trypsinogen in sera or dried-blood spots from neonates and young infants with CF, there has been considerable interest in utilizing this test to screen newborn infants for this common genetic condition (2) (3) (4) (5) (6) (7) (8) (9) . In addition, a number of studies have demonstrated the application of the trypsinogen radioimmunoassay as a diagnostic tool of pancreatic dysfunction in patients with a variety of clinical disorders affecting the exocrine pancreas (9) (10) (11) (12) (13) (14) . As a test of pancreatic function, this approach appears to have significant age-related limitations in CF patients, due to the significant elevations of serum cationic trypsinogen in infants with pancreatic insufficiency (8, 9) . In older CF patients, however, we have shown that determination of circulating cationic trypsinogen is a useful method of distinguishing patients with steatorrhea due to pancreatic insufficiency from those with sufficient pancreatic function for normal fat absorption (9, 10) . Levels of serum trypsinogen were normal or elevated in older CF patients with normal fat absorption and low or absent in those with steatorrhea. In order to define the exact limitations of this test, the present report evaluates the relationship between serum trypsinogen and age in a large CF population including patients with and without pancreatic insufficiency.
METHODS
Patients. We studied the majority of patients attending the CF Clinic, the Hospital for Sick Children, Toronto, between 1981 and 1983. Included in this report are 38 1 patients with CF [mean age, 1 1.3 * 12.3 yr ( 2 SD); range 0.1-40 yr], comprising 2 14 males and 167 females, in whom the functional status of the exocrine pancreas was known. The diagnosis of CF had previously been established by characteristic clinical manifestations as well as by elevated sweat chloride determinations (> 60 mEq/ liter). Ninety-nine subjects [mean age, 11.6 + 8.9 yr (f 1 SD); range 0.1-38 yr] with no clinical evidence of CF, growth failure, metabolic, pancreatic or renal disease, served as controls. These subjects were either healthy adult volunteers or carefully selected children undergoing evaluation as inpatients. This study was approved by the Human Subject Review Committee of the Hospital for Sick Children, Toronto. Informed consent was obtained from each patient and/or parent or guardian.
Radioimmunoassay of serum pancreatic cationic trypsinogen.
Random blood samples were collected from patients and controls; sera were separated by centrifugation and stored at -70" C until assayed. Details of the radioimmunoassay procedure for measuring cationic trypsinogen in serum have been previously described (15, 16) . In brief, the active site of trypsin employed as radioiodinated tracer was inactivated by tosyl lysine chloro-methyl ketone to prevent binding to protease inhibitors. Serum or standard cationic trypsin was added to standard radioimmunoassay buffer, followed by cationic trypsin antiserum diluted in standard buffer and 1251-tosyl lysine chloromethyl ketone-cationic trypsin tracer (10,000 cpm) to make a final volume of 1 ml. After incubation at 4" C for 4 days, bound and free-labeled antigen was separated by the double antibody method using beads coated with goat antirabbit y-globulin. Prior dilution experiments determined the optimal dilution of antiserum that was required for 50% binding of trypsin tracer. Assessment of exocrine pancreatic function. Each of the CF patients had previously undergone fat balance studies and/or pancreatic stimulation testing to determine the need for pancreatic enzyme replacement therapy. Three-to 5-day stool collections obtained while patients were not receiving pancreatic enzyme replacement therapy were stored at 4" C, and fecal fat content determined by the method of van der Kamer et al. In patients receiving dietary medium-chain triglycerides, fecal fat content was analysed according to the method of Jeejeebhoy et a/. (18) . Fecal fat excretion was expressed as a percentage of mean daily fat intake, calculated by weighing food intake and reference to standard content tables.
In 93 patients, exocrine pancreatic function was also defined by the direct pancreatic stimulation test according to a previously described marker perfusion technique (19, 20) . Following an initial collection period of 20 min without stimulation, duodenal secretions were aspirated over 1 h during continuous intravenous infusion of secretin and pancreozymin. Duodenal aspirates were analyzed for colipase, total lipase, and trypsin content by titremetric techniques (19) (20) (21) and enzyme output was then quantified using a correction factor calculated from the fractional recovery of the nonabsorbable marker (19, 20) .
Patients were divided into two groups. Three hundred fourteen CF patients [mean age, 10.2 f 7.1 yr ( f 1 SD); range 0.1-3 1 yr] had steatorrhea, with fecal fat output greater than 7% of intake, or had absent or minimal enzyme output upon pancreatic stimulation testing (1 9). In the case of infants under 6 months of age, fecal fat loss exceeding 15% of intake was considered to be abnormal (22) . These individuals were considered to have pancreatic insufficiency and were receiving oral pancreatic enzyme supplements with meals. Sixty-seven patients (mean age, 16.4 -t 9.5 yr; range 0.7-40 yr) had fecal fat losses equal to or less than 7% of intake or following pancreatic stimulation testing had widely variable but sufficient pancreatic enzyme output for normal fat absorption (19) . None of these individuals was receiving pancreatic enzyme supplements with meals. The term "pancreatic sufficiency" will be used to describe the group of CF patients with sufficient pancreatic function for normal fat absorption.
Data anal.v.sis. All the serum trypsinogen test data were incorporated into the Hospital for Sick Children computerized data base which contains retrospective clinical and diagnostic data on all CF patients as well as prospectively recorded longitudinal data obtained since inception of this program in 1977 (23) .
Analysis of the data focused on: 1) the relationship between serum trypsinogen and age for CF patients with and without pancreatic insufficiency; 2) the relationship of elevated or decreased serum trypsinogen to malabsorption, age of diagnosis, and pulmonary function; 3) age-specific differences in levels of serum trypsinogen between males and females.
Computations were done separately for patients with and without pancreatic insufficiency and for males and females separately and combined. Means and SDs for serum trypsinogen levels were computed for each year of age in the control subjects and in the patients with CF. Since the relationship of serum trypsinogen with age in the CF patients with pancreatic insufficiency was clearly nonlinear, we sought a suitable transformation of the data points that would also account for the decreasing variance with increasing age. Since the data suggested an exponential or hyperbolic model, a number of logarithmic and reciprocal transformations, alone and in combination, were attempted and the resulting data points plotted on computer graphs. The only plots that displayed a linear pattern with roughly homogenous variance were of the form: log (Y + D) = B/(X + C) + A where: Y = serum trypsinogen level; X = age; D = a constant number added to every Y to avoid logarithms of zero; C = a constant number added to every X to avoid division by zero; B = slope, A = intercept] least squares linear regression of log (Y+D) on 1/(X + C).
Nonlinear least squares regression was used to find optimal combinations of A, B, C, and D. When stable values for D and C had been selected, the linear least squares estimates for A and B and the confidence levels about the fitted equation were used to describe the population pattern.
In order to test the stability of the resultant model, the pancreatic insufficient group was divided into two. Separate equations and confidence limits were computed for the 159 patients tested before December 198 1 and the 155 patients tested after the date. The ability of each model to classify individuals in the other half was evaluated. Separate regression equations were also computed for males and females. All computer processing and analysis was done using the Statistical Analysis System (24) .
RESULTS
In the 99 control subjects without CF, serum trypsinogen was 3 1.4 f 7.4 pg/liter (mean f SD) with a range of 15.1-6 1.3 pg/ liter. Individual values were not related to age or sex, and therefore standard limits have been taken as 2 SD from the mean (16.6-46.2 pg/liter). Figure 1 shows serum trypsinogen values plotted against age for the 314 CF patients with pancreatic insufficiency. Serum trypsinogen (mean + SD) was significantly elevated above mean values for non-CF controls in 37 infants under I yr of age (249.7 f 162.6 pg/liter, p < 0.001) and in six infants between 1 and 2 yr of age (123.1 + 85.7 pglliter, p < 0.01). Mean serum trypsinogen decreased steeply with age up to 5 yr, reaching subnormal values at age 6, and this was followed by a much slower decline in values into adolescence and adulthood. The curved lines in Figure I show the least squares mean and 95% confidence limits obtained from the linear regression of the variables transformed as described in "Methods." The derived equation [ l o~( Y + l ) = 28.9/(X+5)-0.2571 describes the population of CF patients with pancreatic insufficiency very accurately, reflecting the pattern seen if mean f 2 SD are plotted for each year of age. However, the equation provides continuous predictive capability at all ages and minimizes the effects of outlier values at a specific age. Separate equations for each sequentially tested half of the population were virtually identical indicating the mathematical and chronological stability of the model. Only six individuals with pancreatic insufficiency had serum trypsinogen levels above the 95% confidence limits of the derived equation, while three patients had levels below these limits.
Contrasting results were obtained in the group of CF patients with pancreatic sufficiency. Figure 2 shows a scatter plot of individual serum trv~sinoeen levels in the ~atients with pan-,. -creatic sufficiency plotted against age and ~;~e r i m~o s e d ipon the mathematically derived mean and 95% confidence limits for the CF patients with pancreatic insufficiency. Under 7 yr of age, serum trypsinogen levels failed to distinguish the two groups of patients. However, after 7 yr of age, serum trypsinogen in the pancreatic sufficient patients was significantly above values for the larger group with pancreatic insufficiency (p < 0.01). Only six patients with pancreatic sufficiency had serum trypsinogen values within the 95% confidence limits of the derived equation for the group with pancreatic insufficiency. Data are sparse in the young patients (n = 2 < 2 yr, n = 10 < 5 yr); thus, we are unable to determine whether or not elevated serum trypsinogen is also a consistent characteristic of young CF patients with pancreatic sufficiency. . Only six patients with pancreatic insufficiency had serum trypsinogen levels above the 95% confidence limits while three had levels below these limits. Fig. 2 . Individual serum trypsinogen values (pg/liter), plotted against age, for the 67 CF patients with pancreatic sufficiency, superimposed on the mathematically derived equation for the CF group with pancreatic insufficiency. Under 7 yr of age, serum trypsinogen failed to distinguish the two groups of patients. After 7 yr of age, however, serum trypsinogen was significantly above the 95% confidence limits for the group with pancreatic insufficiency (p < 0.01). Only six older patients with pancreatic sufficiency had serum trypsinogen values within the 95% confidence limits of the values for those with pancreatic insufficiency. Table I shows the distribution of serum trypsinogen among within or above the non-CF range. A similar pattern was noted the CF patients with respect to the limits for the non-CF controls. in the pancreatic sufficient CF patients under 7 yr but numbers Ninety-one percent of the pancreatic insufficient patients under were too small to draw any conclusions. age 2 had elevated levels while 94% over age 7 had reduced Equations of serum trypsinogen against age were derived seplevels. Age 2-6 appeared to be a transition period between these arately for CF males and females. In each case, males and females two extremes. Ninety-three percent of the CF patients with produced identical results, although there were fewer long-term pancreatic sufficiency aged 7 and over had trypsinogen levels female survivors, particularly in the group with malabsorption, which is consistent with previous reports from our center of the poor survival patterns among older CF females (23) . Table 2 shows the similarity of mean trypsinogen levels in males and females over 7 in both the pancreatic sufficient and insufficient groups. The larger number of males and the higher mean age of the patients with pancreatic sufficiency are characteristic of this CF population (23, 25) . In Table 3 some clinical characteristics of the two CF groups are compared with reference to the normal limits of serum trypsinogen. Typically, the group with pancreatic sufficiency was older, was diagnosed later, and had better pulmonary function considering age than the group with malabsorption. The four patients with pancreatic sufficiency and reduced serum trypsinogen tended to be younger and were diagnosed earlier than the average for their group. There was no other suggestion of a relationship between the level of serum trypsinogen and the age of diagnosis or pulmonary function.
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DISCUSSION
By studying a large CF population over a wide age spectrum, and including patients with a wide range of pancreatic function, a number of important observation can be made. In the vast majority of infants with pancreatic insufficiency, serum trypsinogen levels were greatly elevated. This is consistent with previous data from a number of investigations (1-7) including our own (8, 9) . From early infancy, there was a consistent and predictable decline in serum trypsinogen in the pancreatic insufficent group, reaching subnormal values by age 5-6 yr, followed by an insignificant decline thereafter. In contrast, there was no obvious agerelated decline in serum trypsinogen among the CF group with pancreatic sufficiency. In fact, many of the older pancreatic sufficient patients had values well above the normal range for non-CF controls.
Previously, it has been reported that the elevated serum trypsinogen levels observed in the newborn period declined to normal (28) 12 (17) 1 (9) 3 (27) 7 (64) 2 7 187 (94) 9 (4 5) 3 ( I 5) 4 (7) 16 (30) 34 (63) ---or subnormal levels very rapidly, often within the first few weeks of life (26, 27) . The considerable number of patient data points obtained in this study shows that this is not the case, since more than 90% of CF infants with pancreatic insufficiency had significantly elevated serum trypsinogen levels up to 2 yr of age. The observed decline in serum trypsinogen over the first 5 yr of life appears to be extremely consistent within the pancreatic insufficient group, as the vast majority of the levels were within the limits of a mathematically derived equation developed to enable continuous predictive capability. Since this observation was based on cross-sectional data, longitudinal evaluation of serum trypsinogen levels in a large number of CF infants will be needed to confirm these findings. It has also been suggested that CF infants with pancreatic sufficiency may not have consistently elevated serum levels of immunoreactive trypsinogen, which in turn would reduce the usefulness of this technique for population screening purposes (27) . Only two CF patients with pancreatic sufficiency in our group were under 2 yr of age and both had elevated serum trypsinogen levels. Obviously, our current data are too limited to determine whether or not elevated serum trypsinogen is indeed a consistent finding in the young CF infant with some preservation of pancreatic function. It may be difficult to obtain sufficient information to permit conclusive analysis of this observation because CF patients with pancreatic sufficiency are generally diagnosed at an older age due to milder clinical symptoms (25) . We have also been able to define the limitations of this technique as a test of exocrine pancreatic function in older CF patients. Under 6 yr of age, serum twpsinogen cannot distinguish CF patients with pancreatic insufficiency from those with pancreatic sufficiency, since a high percentage of the patients from both groups had normal or elevated serum trypsinogen values. After 7 yr of age, serum trypsinogen accurately distinguished patients with pancreatic insufficiency from those with pancreatic sufficiency. These data, therefore, confirm our previous observation in a limited number of patients (9, 10 ) that measurement of serum trypsinogen is a useful screening test of exocrine pancreatic function in older CF patients. We have now extended this observation by delineating the precise age limitations of the test.
The mechanism of entry of pancreatic trypsinogen into the circulation remains unknown. The fact that this enzyme appears to be present in the zymogen form in measurable amounts in normal individuals (I 5), suggests direct entry into the circulation from the pancreas rather than via intestinal reabsorption. The high serum levels of trypsinogen in CF infants with steatorrhea -- may be due to regurgitation directly into the circulation from functional pancreatic acinar tissue proximal to obstructed pancreatic ducts. Quantitative pancreatic stimulation tests performed on some of these infants revealed little or no secretion of pancreatic enzymes into the duodenum with simultaneous elevated concentrations of trypsinogen in the circulation (9) . The age-related decline of circulating trypsinogen in CF infants with pancreatic insufficiency suggests ongoing destruction of functional acinar tissue. Elevated serum trypsinogen levels in older CF patients with pancreatic sufficiency may well be due to similar obstructive mechanisms, since our recent studies have shown that CF patients with a wide range of pancreatic function, including those with normal enzyme output secrete significantly less water from the pancreas than non-CF subjects (28) . Pancreatic protein concentrations in these patients are significantly higher than non-CF controls at all levels of pancreatic acinar function. Since hyperconcentrated protein secretions appear to result from diminished fluid output we have speculated that any minor depressions in water flow could lead to stasis, protein precipitation, and ductal plugging. This process could, in turn, be responsible for increased regurgitation of pancreatic enzymes into the circulation. Alternatively, high serum trypsinogen levels could be due, at least in part, to hyperconcentration of this enzyme within the pancreatic ducts or acini resulting in more rapid diffusion into the circulation (29) . Some authors have suggested that exocrine pancreatic function in CF patients with pancreatic sufficiency may deteriorate with time (30) . Although this observation is not well documented, the fact that some of these patients are prone to recurrent pancreatitis suggests ongoing pancreatic damage can occur (3 1). Also, in our experience, a number of CF patients who clearly had normal fat absorption at diagnosis, have developed steatorrhea upon repeating fat balance studies in subsequent years (unpublished observation). If, indeed, some of these patients are losing exocrine pancreatic function with time, one would expect the serum levels of trypsinogen to decline with age, in a similar manner, but at a later stage than the patients with pancreatic insufficiency. Since our current cross-sectional data cannot answer this question, longitudinal evaluation of serum trypsinogen data in these patients in conjunction with direct tests of exocrine pancreatic function is in progress.
Serum cationic trypsinogen may also be abnormal in patients with clinical disorders unrelated to CF. Elevated serum levels of trypsinogen are known to occur in patients with acute pancreatitis (32) and during acute malnutrition in infancy (33) . Also, since the primary route of excretion of cationic trypsinogen is via glomerular filtration, renal impairment will result in greatly elevated values (34) . Low serum trypsinogen levels are associated with patients with pancreatic insufficiency including adults with chronic pancreatitis (1 2-14) and children with primary defects of exocrine pancreatic function such as Shwachman syndrome (9).
In conclusion, provided the age-related limitations are recognized, determination of cationic trypsinogen in sera of CF patients is of some value both as a diagnostic screening technique in infancy and also as a test of exocrine pancreatic dysfunction in the older age group. Our data have clearly defined these agerelated limitations. Future studies will evaluate longitudinally, alterations in serum trypsinogen in CF patients with pancreatic sufficiency in conjunction with a direct test of exocrine pancreatic function, in order to determine whether or not a significant number of these patients are experiencing deterioration of exocrine pancreatic function with advancing age.
